Polymer Bulletin 43, 191-198 (1999) Polymer Bulletin

O Springer-Verlag 1999

Polyamides containinga-aminoacids and hydroptilic
oxyethylene graips along the chain

G. Maglio, P. Maglic, A. Oliva®, R. Palumbgd”

' Dipartimento di Chimica, Universita "Federico II", Viagizocanone 4,
[-80134 Napoli, Italy

? |stituto di Biochimica delle Macromolecole, Seconda Universita di Napoli,
Via Costantinopoli 16, 1-80138 Napoli, Italy

Received: 28 March 1999/Revised version: 27 July 1999/Accepted: 8 September 1999

Summary

Biocompatible and potentially biodegradable polyamidB#s] comaining in the chain
both peptide bonds and hydrojph triethyleneoxide segments have been prepared by
interfacial polyondenation of sebacoyl dichloride with amide-diamines derifemin the
4,7,10-trioxa-1, 13-tridcanediamine andi-aminoacids such as glycine, L-valine and L-
phenylalanine. ThesdAs exhibit modeate inherent viscosity values and show limited
solubilities in CHCJ, DMF and DMSO. ‘H-NMR and FTIR spectroscopy analysis
confirmed the expcted structures. DSC and X-rays ffrdiction spectra indicated
crystallinity degreedrom 19 to 31%. Themelting temperatures range betwe#B5-238
°C. Liquid water absrption measurements indicate a high equilibrium weugltake when

a glycine residue is present in the amide-diamine moietyitro tests carried out using
cultures of human fibroblasts showed the biocatiiyility of the prepare®As.

Introduction

Many efforts have beenecently devoted to the investigation and preparation of
biocompatible, biodegradable synthetic polymers desigoedapgications in medicine for
either the fabrication of biodegradable devices ordag) ctlivery systems(l). Many of
them consist of condeason polymers having incorpated peptide linkages susceptible to
enzymatic cleavage. Polyamidd3Ag) comaining aminoacid residues such as L-leucine, L-
alanine and tphenyalanine have been perted as biodegradable material(&,3).
Goncalveset al. prepared polyamides, and poieas containing L-leucine and yrosine
residues in the chain (4). Polyesterides derivedrom a-aminoacids andx-hydroxyacids,
the polydepsipeptides, have been also investigated as biodegradable poli®drs
Furthermore, an apprapte choice of the nature, number and sequence-aminoacids,
as well as a balance ohydrophlic and hydrophobic charcteristics of the other
constituents, makes these polymers susceptible to enzymatic cleavage of the lpapdsie
by specific enzyme$7-9). We have previously described the synthesis, theacteization
and the biocompatibility of aliphatiPAs derivedfrom C, and G, dicarboxyic acids and
amide-diamines derivedfrom 1,6-hexanedmine or 1,12-doeécanediamine and L-
phenylalanine, L-valyl-kphenyalanine or Lphenyalnyl-L-valine residues(10,11). In the
present paper we report on the synthesis and acteization of hydrophlic
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polyamides obtainedrom selacic acid and amide-diamines derivédm 4,7,10-trioxa-
1,13-tricecanediamine, a diamine containing thgdrophlic triethyleneoxide group, and
aminoacids such as glycine ¢l L-valine (L-Val) and Lphenyalanine (L-Phe).

Experimental

Materials andtechniques

The solvents were purifiecdaccording to standard procedures. Z-Glycine (Z-Gly), Z-L-
valine (Z-Val), Z-L-phenyalanine (Z-Phe), sbuthylchlorofomate (tBCCI), methanol and
chloroform, from Fluka, were used asceived. Sebacoyl chloride amy7,10-trioxa-1,13-
tridecanediaminelj (Fluka) were distilledunder vacuum. IR analysis was performed using

a Bruker IFS 66 FTIR swtrophotmeter. BidimensionalH-NMR spectra were recded

at 25 °C wusing a Bruker DRX 400 instrument and chlorofdrm({CDCL) or
dimethylsufoxide-d, (DMSOd,) as a solvent. The thermal data were obtained using a
Mettler TA-3000 differemial scanning calorimeter (DSQ)nder nitrogen from 50 °C to
250/300 °C at aate of 10 °C/min. The inherent viscosities were measured at 25 P& in
cresol (c = 0.5 g/dL). The purity of the products was checked by tasad\RP-HPLC on a
Varian 3000 LC Star Sysm. Wide-angle X-rays firaction (WAXD) patterns were
recorded on a Hlips diffractometer equipped with a contious scanattachment and a
proportional counter, using Nillered Cu-Ka. radiation (1,5418 A). The mass septra
were obtained using the fast bombardméim.b.) analysis carried out on a ZAB 2SE
double focusing mass egtrometer (Micromass, UK) equipped with a caesium gun
operating at 25 kV (2uA). All mass values are reported as monoisotopic masses. The
water aberption was determined at 20°C by immersion in liquid wdterdifferent times
weighted films(60-80 mg) prepared by solution casting. Upon removal, the samples were
blotted on filter paper to remove the excess watan the surice and weighted in closed
bottles. Thisprocedure was reated to constant weight. The biocompatibility was tested
using anin vitro model. Five samples of each PA were stuck by means of a biocompatible
silicone on the bottom oil2-mudtiwells and a small area was left uncoveredoimer to
directly observe the cells by an inverted microscope. The bottom of polystyrene wells was
used as control sample. Beforéating the fbroblasts, thematerials in the wells were
extensively washed with a salifeuffered solution cdmining penicillin (1000 unitémL)

and streptomycin (1 mg/mL). The multiwells were then kept in the presence of complete
culture medium for ateast 48 h at 37°C in a 5% C®umidified atmosphere30,000
fibroblasts were seedeger each well. 24 h after the cell plag, thecells were observed

and evaluated in terms ofarphology and adhesion. The MTT test (12) was carried out
measuring speaiphotanetrically at 570 nm the amount of forazan produced by
reduction of the tetrazolium ring of MTT by the living cells.

Synthesis of amide-diamines

a) 1,13-di(L-phenkalaninamdo)-4,7,10-trioxatridcang2)

The synthesis and characterization2ohas been previously reported (10). The m.s. gave a
peak for the quasi-necular ion (MH) at m/z at615.

b) 1,13-di(L-phenialanylglycinamdo)-4,7,10-trioxatridcang3)

i-BCCI (19.8 mL, 150 mmol) was added dropwise at -15 °C under stirring, to 430 mL of a
chloroform solution corining Z-Gly (34.4 g, 150 mmol) and igthylamine (21.9 mL, 150
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mmol) contained in a ta+necked flask equipped with inlébr nitrogen and a dropping
funnel. After stirring for 20 min, a solution df (16.6 g, 75.5 mmol) in chloroform (150
mL) was added dropwise and the mixture was stirred overnight at teorperature. The
CHCI, solution was washed with citric acid and NaHCflutions and water and finally
dried over anhydrous N&O,. By removing the solvent at reduced pressure, 1,13-di-(Z-
glycinamidg-4,7,10-trioxatrigcane i) was recovered as a yellow waxy solid (yi€3d%)
which was purified by dissolution iacetone and precipitation with ethyl ethgurity >
99%). | (6.55 g, 10.8 mmol), dissolved methanol (430 mL), was wated withhydrogen
in the presence of 10% Pd on charcoal (1.15aggording to reported procedures (10)
yielding 3.37 g of 1,13-di(glyciamido)-4,7,10-trioxatridcane ) as a viscous colorless
oil (yield 93%). 'H-NMR: & = 3.39 @, 4H, q); 5 = 1.8 (B, 4H, m)d = 3.56 ¢, 4H, t);d =
3.62 €, 8H, m);5 = 3.33 {, 4H, 5);5 = 7.52 (NH, 2H, s)5 = 1.64 (NH, 4H, s).

3 was obtained following a similgprocedure. i-BCCI (2.00 mL, 15.2 mmol) wasacted
with Z-Phe (4.55 g, 15.2 mmol) andethylamine (2.20 mL, 15.2 mmol) dissolved in 44
mL of chloroform. Sacessively, 17 mL of chloroform ctaining la (1.96 g, 5.88 mmol),
were added dropwise at -15 °C to theaction mixture. An anafous teatment to that
used for | gave 4.29 g of 1,13-di-(Z-L-phel®fanylglycinamdo)-4,7,10-trioxatridcane
(1) as a white solid(purity 98%). Hydrogenolysis ofl gave 2.06 g of3 (69% \yeld,
purity > 95%) as a colorless oilH-NMR: & = 3.38 {1; 4H,q), 8 = 1.78 (B;4H, m)5 =
3.56 {; 4H, t),0 = 3.6 + 3.7¢; 8H, m),d = 3.9 Q;4H,q), d =7.95 (NH; 2H, s);0 = 1.6
(NH,; 4H, s),6 7.15 + 7.40 ¢; 10H, m),6 04 (CH, 2H); 4 = 6.9 (NH'; 2H, m),d =
2.7;3.2" 4H, ). The m.s. gave a peak for the quasi-molecular ion"{MHm/z 629.

c) 1,13-di(L-phenialanyl-L-valylglycinamdo)-4,7,10-trioxatriecang4)
1,13-Di(L-valylglycinamido)-4,7,10-trioxatridcane I{l a) was obtained as colorless oil
from la and Z-Val following the procedure used f8r(yield 70%); (4) was obtained as
glassy solid fromlil a and Z-Phe and subsequent hydrogenolysisld(y94%, purity >
95%). 'H-NMR: & = 3.34 (1, 4H, m); 5 = 1.76 (R, 4H, m)p = 3.53 ¢, 4H, t); 5 = 3.55 +
3.65 €, 8H, m);d = 3.92 {', 4H, 2q);d = 7.54 (NH, 2M, 1);d = 8.02 (NH', 2H, s) =
3.70 (CH', 2H, m);d = 2.18 (CH", 2H, m);d = 0.92; 0.96 (CH 12H, 2d);d O 7.2 (NH",
2H); 6 = 4.23 (CH, 2H, 1t);0 = 2.72; 3.24 X, 4H, 2q);d = 7.20 + 7.36 ¢, 10H, m);d =
1.92 (NH, 4H, s). The m.s. gave a peak for the quasi-molecular ion"Ytim/z 828.

d) 1,3-di(L-phenialanyl-L-valinamdo)-4,7,10-troxatridcane %)
1,13-di(L-valinamdo)-4,7,10-trioxatridcane, Iva) was obtained asfor la and the
structure was confirmed b{H-NMR analysis.5 was obtained as a colorless &ibm IVa
and Z-Phe following the procedure used to preparéyield 87%, purity > 95%). 'H-
NMR: & = 3.40 €, 4H, q); d = 1.80 (3, 4H, m)d = 3.60 ¢, 4H, t); 6 = 3.66, €, 8H, m);d

= 2.75 + 3.25 (CH 4H 2q);d = 4.24 (CH, 2H, t);0 = 7.29 (, 10H, m); 6 = 7.93 (NH,
2H, t); 8 = 3.45 (CH', 2H, m);d = 6.98 (NH', 2H, m);d = 2.17 (CH", 2H, m);0 = 0.95
(CH,, 12H, 2d);6 = 1.71 (NH, 4H,s). The m.s. gave a peak for the quadecwdar ion
(MH") at m/z713.

Polymers

All polyamides were prepared by low temperature pahglenation using the stirred
interfacial technique. As a typicadrocedure, we report the synthesis of poly [ 1,13-di(L-
phenylalanylglycinando)-4,7,10-trioxatridcanesebacamide | (SEB 3 of Table 1).
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Freshly distilled sebacoyl dichloridd.11 g, 4.64 mmol) dissolved in 24 mL of anhydrous
chloroform/n-hexane mixture (1:1 by vol) was quickly added under stirring to 2.92 g (4.64
mmol) of 3 and 0.94 g (16.7 mmol) cKOH dissolved in120 mL of water. The stirring
was continued for 8 min. The wa fibrous polymer formed wasiltered, repeatedly
washed with distilled water bmre being firally dried at 60 °Cunder vacuum (gld 93%);

n,, = 0.50 dL/g (ncresol, 25 °Cc = 0.5 g/dL); m.p.= 126 °CAH_ = 25.6 J/g; IR: 3060
(m), 3339 (s), 2926 (m), 2860 (M), 1654 (s), 1560 (m), 1098 (S);ctH-NMR: & = 8.32
(NH', 2H,t), o= 8.16 (NH Phe, 2H,d) = 7.78 (NH, 2H,t),0 = 7.20 + 7.40 ¢, 10H, m),d

= 3.64 + 3.84 X, 4H, 2q),6 = 3.18 @, 4H,q),d = 3.53 + 3.63 ¢, 8H, m),d = 3.48 ¢,
4H, t), 6 = 2.86; 3.12 X', 4H, 2q),d = 1.72 (B, 4H,m); selwic acid residued = 2.12
(aCH,,4H, t),6 = 1.44 (RCH4H,m),5 = 1.10+1.26 (other CH

Results and Discussion

Amide-diamines

Amide-diamines containing théwydrophlic triethyleneoxide segment and enzymatically
degradable peptide bonds have been prepared from 4,7,10-trioxa-letadtediamine],

and a-aminoacids. L-Phe, alone or together with Gly, L-Val or with the Gly-L-Val
dipeptide, was used to preform peptide bonds susceptibldetvage bya-chymotrypsin.
These amide-diamines were obtained by means of sequential additions of aminoacid
residues to the -NHend groups ofl according to the ®&ll known "mixed anhydride"
procedure(13) involving Z-blockedminoacids. Carefupurification of the Z derivatives by
precipitation with ethyl ethefrom an acetone solution gaveure products as tested by
means of the hplc technique. Subsequegmrogenolysis of the Z group imethanol, in the
presence of C/Pd, gave puaenide-diamineqpurity = 95%) as oils or glassy solids which
were soluble in chloroform, dichlommethane, ethanol, methanol and water. The structural
features of the prepared diamings are shown in Figure 1. The emical structure was
determined by FTIR andH-NMR spectroscopy. The FTIR aptra show characteristic
absorptions of the amidgroup at 3360-3300 (s), 1655-1650 (vs) and 1535-1525 (8) cm
of aromatic rings aB060-3020 (w) cm and an absorption at 1108(s) trattributable to
the C-O-C group. ThiH-NMR data are in full agreement with the expected structures.

Polymers

The polyamides were obtaindbm the damines1-5 and sebacoyl chloride. Those derived
from monomers 2-5 are characterized by the presence in the chain of both a
triethyleneoxide segment and a L-Phe residue. The former provides hiidigphand

chain flexibility, thus faoring the inteaction between the polymer chain and the enzyme,
whereas the latter isnvolved in peptide bonds susceptible dtdack by a-chymotrypsin.
Moreover, an enhancement of the biodegradation rate is expected when the enzymatically
cleavable linkage is imcporated in an ppropiate sequence di-4 aminoacids unitg8). A
polyamide derivedfrom damine 1, which does not contain aminoacid residues, SEB 1,
was prepared for the sake of comparison in order to inestithe influence of the nature,

the number and the sequence of aminoacids orpitbeeties of this class of polyamides.
The stirred low temperature interfacial padycensation technique was used to obtain the
polymers. This procedure was suggested by the fair igojubf the diamines in water. A
CHCIl/n-hexane (1:1 by vol) solution was used as a solvent of the sebacoyl chloride. The
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Figure 1. Amide-diamines used in the preparation of polyamides. The Greek letters refer to
the "H-NMR spectra.

presence ofn-hexane favors the ecipitation of the resulting polymers reducing their
solubility in the organic phase. Wte fibrous polymers were recovered with higtelgts
(70-93%). The prepared paides are morted in Table | together with their thermal
and solubility data. The inherent viscosity values range betw®80-1.02 dL/g and
indicate moderate degrees of polymeri@ati They are soluble in tygal polyamides
solvents such as formic acid amdcresol and also, to some extent, in chloroform and
polar aprotic solvents such as dimethyiisxide OMSO) and dnethyformamide DMF).
Flexible films were obtained by solution casti The FTIR analysis of SEB 2-5 polymers
shows characteristic amide bands 3800-3340 (s), 1638-1654 (s), 1545-1560 (m)*‘cm
and absorptions at 1098-1110 (s) 'c(€-O-C stetching), at 2926 (m) and 2960 (m) ¢m
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(-CH,-stretchng) and at 3060 (w) cm(=CH- aromatic stretching vibrai). The thermal
behavior, which was invesaged by DSC technique, indicates a semicrystalline character
for all polyamides. Their DSC traces show, in fact, aosdcorder tranison in the 36-

66°C temperature range and a single well definedotherm in the case of SEB 1, SEB 3,
SEB 4 and SEB 5, while twbroad melting endotherm are present in the thermograrn of
SEB 2. The latter polymer also showsAH_ value lower than that of SEB 1, indicating a
more difficult crystallization caused by the benzyloup of the L-Phe residue. Such an
effect, however, is reduced when L-Phe is part of a sequence of two or three aminoacids,
as in SEB 3-5 polymers. It is worth noting thatigadions of' thermal decomposition for
SEB 1-5 were not found up to 260-270 °C,dither the DSC traces or thesgravmetric
analysis experiments. The combination of Idwy and high decomposition temperatures
allows theformation of films by melt castg. X-rays diffaction diagrams of polymer films
obtained by solution casting are consistent with the DSC results showing crystalline
patterns characterized by twaastg diffraction maxima aR0.4 and 22.5 of @ for SEB 1

and by a single strong tettion at19.3, 19.7, 19.4 and 19.3 of92in the case of SEB
2,3,4,5 polymers, resgtively. A seond broad peak at higher values @& 2s observable

as a shoulder of thmain peak in the spectrum of SEB 2; its intensity reduces markedly by
increasing the number of the aminoacids in the chain repeat unit. The degree of
crystallinity, evaluated by subtracting the contribution of theogmous part from the total
scattering intensity, are perted in Table 1. The amount of the d¢afsne fraction in the
aminoacid containing polyamides SEB5 is always lower than that of SEB 1 (see also the
AH,_ values). On the other hand, the ¢ayinity degree increases with increasing the
number of the aminoacid residues in the chain repeat unit, tiggesting that the peptide
segments contribute to the crystallinity of these materials. hyideophlicity of the SEB 1-

5 polyamides was investigated by determining the equilibrium concentration ofbadls
liquid water at 20°C. SEB 1 polyamide showed a high weigithke after immersion for

14 days in water(11% by wt), whereas a sample of the hydrophobic poly(1,12-
dodecametilenesebacamide), which was prep&osedhe sake of comparison, showed less
than 1% of absorbed ater under the ame experimental anditions. As far as SEB 2-5
behavior is concerned, the content of absorbatemwis stongly dependent on the nature

of aminoacid residues. In fact, in the case of Gly containing polymers SEB 3 and SEB 4
we found amounts of absorbedater higher than thoskund for SEB 1 (19 and 16% by

Table 1. Characterization of polyamides obtained from sebacoyl chloride and diamines 1-5

Polymer Diamine Yield  m T AH, T, Water cryst » Solubility ©

code % g (C) (/g (C) upake® % CHCl DMSO DMF

SEB 1 1 70 1.02 135 70 40 11 38 + - SW

SEB 2 2 70 1.02 148 18 44 6 19 + + +
174

SEB 3 3 93 050 126 26 36 19 26 SW ++ Ft
SEB 4 4 87 054 213 39 58 16 31 sSW g a SW
SEB 5 S 89 054 238 60 66 1 23 T+ SW SW
a) Equilibrium concentration of absorbed water (% by wt) at 20°C; b) degree of crystallinity obtained
from X-rays diffraction patterns; c) ++ soluble; + soluble by heating; — insoluble; sw swelling.
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wt, respectivef), while in the case of SEB 2 and SEB 5 polyamides containing only
aminoacids havinghydrophobic side chains, theater aberption is drastically reduced
with respect to that of SEB 1 (6 and 1% by wt, respectivdh the X-rays diffaction
patterns of the water saturated SEB polymers, the position of tllacdion maxima are
unchanged with respect to those of therresponding dry samples. It is, therefore,
reasonable to assume that the wateromgdt®n occurs preferably in the amorphous phase.
The whole of the above results, however, does aemsto indicate a relationship between
crystallinity and the awount of absorbed ater.

Biocompatibility

The biocompatibility was investigated employing ianvitro model according to the direct
contact métod in which thecells are directly cultured on the material. Primary cultures of
human fibroblasts were used asllular model. Regardless of the chemical structure, no
difference was observable in the morphology of de#ls. On the contrary cell adhesion
was affected by the material featurésdeed, the adhesion efficiency (data not shown) was
high as the control (90%) for SEB 1, #ehthe lowest valug52%) was found for SEB 3;
values in this range (61% and 74%) weretedted in the case of SEB 2 and SEB 5,
respectively. The celgrowth and viallity was assessed by the MTT test six days after the
cell platng. The results dhined, shown in [gure 2, are consistent with theitial
adhesion values, thus confirming a decreaseltl antorage caacity, rather than a lower
growth rate of fbroblasts cultured on SEB 2, SEB 3 and SEB 5. In conclusion these data
demonstrate the biocompatibility of the investigated polyamides.

g
¢
&
:
) ) ) _ Figure 2. MTT test on fibroblasts after 6
C aNma. S8 wR:  RB' WS days from plating onto different polymers
Conclusions

A series of novel amide-diamines containilmgyethylene groups and L-Phe or L-Phe
based di- or tri-peptides can be successfully used to prepare semicrystalline biocompatible
polyamides of moderate polymerization degree. The melting temperature and dbeat am

of absorbed water of thePAs depend on the nature and the numbearinoacid residues

in the chain repeat unit. The presence of both pepiatels targted for enzymatic attack

and flexible, hydropitic triethyleneoxide sequences makes these polynpeosnising for
biomedical applications as biodegradable materials.
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